We consider the decoherence of a "black hole Schrödinger cat" -a non-local superposition of a Schwarzschild black hole in two distinct locations -due to the Hawking radiation it inevitably emits. An environment interacting with a system acquires information about its state, e.g. about its location. The resulting decoherence is thought to be responsible for the emergence of the classical realm of our Universe out of the quantum substrate. However, this view of the emergence of the classical is sometimes dismissed as a consequence of insufficient isolation and, hence, as non-fundamental (i.e., for practical purposes only). A black hole can never be isolated from its own Hawking radiation environment that carries information about its location. The resulting decoherence rate turns out to be given by a surprisingly simple equation that, remarkably (and in contrast to known cases of decoherence), does not involve Planck's constant .
INTRODUCTION
Despite nearly a century of effort, the unification of quantum mechanics with general relativity is still a work in progress. Perhaps the most promising breakthrough in investigating the relation between quantum theory and general relativity came when Hawking [1] (following heuristic arguments of Bekenstein [2] ) used quantum field theory to show that Schwarzschild black holes radiate as if they were at a temperature T H given by
where M is the mass of the black hole and R s is the Schwarzschild radius.
Hawking radiation defies the classical expectation that nothing can be emitted from a black hole. It was initially hoped that this result would pave the way to quantization of gravity. However, Hawking radiation has instead deepened the mystery by implicating entropy (and, hence, information) in questions involving quantum theory and gravity (e.g. the black hole information paradox).
The origin of classicality in other settings has been, in the meantime, clarified by the theory of decoherence [3] [4] [5] . As in the black hole information paradox, information plays a key role: Decoherence is caused by the information flowing from the system into its environment and the resulting formation of records of its selected observables in that environment [6] [7] [8] . It is now widely (though not universally) accepted that the effectively classical behavior of macroscopic systems in our quantum Universe is a consequence of decoherence. Even weak interactions can result in such leakage of information, and, consequently, in decoherence. However, information has been traditionally viewed as inconsequential in fundamental classical physics. Therefore, the decoherence-based view of the emergence of the classical in our quantum Universe has been regarded by some [9] as not fundamental.
Unlike most other cases that have been investigated, a black hole is a system that cannot be isolated: it creates its own environment -Hawking radiation. Therefore, its decoherence is not just a practical matter, but fundamental. The decoherence of black holes by Hawking radiation thus provides a glimpse into a place where quantum mechanics and general relativity meet while a quantumto-classical transition is happening. Below we obtain and discuss the rate of decoherence of a Schwarzschild black hole in both thermal equilibrium with a radiation bath as well as in a vacuum and discuss the implications of our results.
DECOHERENCE IN A THERMAL BATH
We first consider the case of a Schwarzschild black hole in thermal equilibrium with a radiation bath. Decoherence is caused both by the quanta emitted by the black hole and by the quanta in the external heat bath that are scattered by it (see Fig. 1 ).
The cross section for emission and absorption of Schwarzschild black hole approaches 27πR 2 s for high energy quanta of massless species (i.e. the geometrical optics limit) [10] . When the wavelength of these quanta becomes comparable to the size of the hole, their behavior becomes more complicated and species-dependent. This is because quanta have to penetrate the potential barrier at " 3R s which gives rise to the so called graybody factors for the modes. For the sake of simplicity, we choose to work in the geometrical optics approximation.
In thermal equilibrium the black hole will radiate back as much as falls into the horizon, making the absorption and emission essentially a scattering event from the point of view of decoherence. We therefore adapt the decoherence formalism for photon scattering from dielectric spheres to our current case. The decoherence rate of a dielectric sphere that starts in a superposition of two locations separated by ∆x and is immersed in a radiation heat bath at temperature T in the dipole approximation (∆x ! λ, where λ is the dominant wavelength of the radiation) is given by [5, 11, 12] :
Aboveã is the effective radius of the sphere. Adapting this for a Schwarzschild black hole in radiation bath at temperature T " T H , we setã 2 » 27R 2 s . The resulting decoherence rate is then:
where d » 0.0576. The total rate will be proportional to the number of such species, and will have to be suitably modified for massive quanta. The basic timescale here is set by the "light-crossing time" R s {c.
Neither the decoherence rate nor the corresponding decoherence time:
depend on the Planck constant . This is unusual as other decoherence rates and times generally depend on . Two extreme cases (that mark the two likely limits of the range of applicability of Eqs. (3,4)) are worth noting. First, when the size of the Schrödinger cat superposition ∆x is comparable to the black hole radius, τ D is of the order of a few black hole light crossing times. Consequently, superpositions of black hole would decohere more slowly when separated by the same distance, or even by the same fraction of their Schwarzschild radius. This may seem surprising (usually larger systems decohere faster), but the temperature of the radiation responsible for decoherence decreases with black hole size, and this effect dominates. For superpositions ∆x ą R s , the dipole approximation (which assumes that the dominant wavelength responsible for decoherence is larger than ∆x) breaks down, and the decoherence rate saturates [12] (i.e., it does not increase with larger separations, as Eqs. (2-3) would suggest).
The other interesting case where Eqs. (2-4) will likely break down is when ∆x becomes equal to Planck length p . In that case the decoherence time is given by:
Thus -assuming the black hole stood still -it would be localized to Planck length on a timescale comparable to but somewhat shorter than its lifetime due to evaporation into vacuum:
Both expressions assume a single massless mode, and would change accordingly otherwise.
DECOHERENCE IN VACUUM
Next, let us consider decoherence in the case of emission into a vacuum. Aside from changing from effective scattering to emission, this case differs because the black hole will be evaporating and thus have a time dependent temperature. However, assuming the black hole is sufficiently large, we can follow the standard quasi-static formalism [1, 10] and say that the black hole will evaporate slowly compared to the decoherence rate. We will also once again use the geometrical optics limit to simplify our calculation. Under these approximations, for the emission of a single massless species we get a decoherence rate of (see the Appendix for details):
Here ψ p1q pyq is the n " 1 polygamma function. (See Fig.  2 for a plot of this function and some test cases.) Note that again, does not appear anywhere in this expression.
As with the thermal bath case, we will take a moment here to discuss the limiting conditions on this expression. Beginning with the large ∆x limit, we can explicitly find the asymptotic saturation discussed in the equilibrium case:
where Λ total is the total emission rate for the massless species (see the Appendix.) In other words, for sufficiently large separations the decoherence time becomes the time to emit a particle. In the limit that ∆x is small compared to R s , Eqn. (7) is approximately:
We note that, except for a different numerical prefactor, this decoherence rate has the same form as our approximate result for the equilibrium case. Once again, we expect that this result would break down once ∆x approaches p , which would give us a decoherence time of:
Note that this is longer than the black hole evaporation time of Eqn. (6).
DISCUSSION AND CONCLUSIONS
The independence of the decoherence rate on is not the result of either the dipole or geometrical optics approximations we used. In particular, the geometrical optics approximation that ignores the details of the graybody factors plays no role for the black hole in the heat bath (as Kirchhoff's Law [13] indicates that the combination of scattered and emitted quanta induces as much decoherence as if it were indeed a black body emitter.)
In the case of emission into vacuum, the graybody factors will obviously modify the emitted spectrum, endowing the black hole with color. However, these graybody factors depend on the ratio of the wavelength to the Schwarzschild radius in a way that does not introduce any dependence on .
This independence of contrasts with the "standard lore" [5, 11, 12] . For instance, in quantum Brownian motion the decoherence rate is proportional to γ p∆x{λ dB pT2 where γ is the rate of energy loss and λ dB pT q " a 2π{pmk B T q is the thermal de Broglie wavelength. Decoherence is therefore generally faster when is small compared to ∆x ? mk B T . Generalizing to a black hole with angular momentum and charge (the Kerr-Newman case) also does not introduce any dependence for the decoherence rate for massless, uncharged quanta. Aside from breaking spherical symmetry and adjusting the black hole's radius, this generalization would modify the Bose-Einstein statistics factor for the emissions by adding dependence on the angular mode number m and charge e of the emitted quanta: ω Ñ ω´mΩ´eΦ{ , where Ω is the angular velocity of the event horizon and Φ is the static electric potential from the black hole's charge evaluated at the event horizon. So long as the particles that are being emitted with these statistics have e " 0, does not enter into the statistics and thus the resulting decoherence rate remains independent.
The decoherence rate does, however, depend on when the black hole is small enough to emit massive particles. This is because they have a lower frequency bound given by ω min " mc 2 which is introduced as a cutoff. Additionally, the emission of charged particles from a charged black hole has an additional factor of in the statistics due to the electromagnetic interaction.
As our paper addresses decoherence of nonlocal superpositions of black holes, it is natural to enquire whether such superpositions could arise in nature. One plausible candidate would be three-body systems involving one or more black hole. Such many-body systems can evolve chaotically, so that the initial wavepacket of each body would spread exponentially fast at the rate given by Lyapunov exponents [14] .
LIGO (the Laser Interferometer Gravitational-Wave Observatory) has now detected several black hole mergers [15, 16] . As black hole "binaries" seem to be relatively plentiful, it is possible that there may also black hole triplets with chaotic trajectories that would delocalize the individual black holes on the relevant Lyapunov timescale. Thus, while performing a "double slit experiment" with black hole does not seem feasible, dynamics that could lead to nonlocal superpositions may well be present in astrophysical settings. Of course, in such settings other environmental elements will likely play an important role, resulting in decoherence faster than Hawking radiation. Moreover, three-body systems with black holes would exert tidal forces, which may stir up internal degrees of freedom of black holes and accelerate decoherence beyond our estimates.
We close by noting that the lack of dependence on of the localization rate-the decoherence rate of spatial superpositions-of black holes may be a consequence of the fact that a black hole is not just an object in space, but that it is a curved space. One is therefore tempted to speculate that black holes may not need decoherence to be localized.
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APPENDIX Decoherence by radiation
Consider the decoherence of spatial superpositions by radiation emitted into a state |χy. With the assumption that the state of the emitter is approximately constant, the off diagonal elements of the reduced density matrix of the emitter's position state get suppressed as:
The change in the reduced density matrix is then:
If such an emission happens at some constant rate Λ, we expect the information about this event to pass observers off at infinity at the same rate. Thus, after some small time ∆t has passed, we should have a change in the reduced density matrix of:
Dividing by ∆t and taking the limit ∆t Ñ 0, we have:
Our decoherence rate is therefore given by:
For Hawking radiation from a large black hole, we generally expect emission of massless species such as photons and gravitons. (Smaller black holes would also radiate massive particles, but we will not treat this case.) These emissions will be into a distribution of states with differing frequencies (or momenta) and angular momentum for each species. Λ will then be the total emission rates for all momenta and mode types for a given species.
Calculating the overlap
Let us now evaluate the inner product term. Following Hornberger et al. [17] , we can express the density matrix for the radiated particles (assuming isotropic emission) in momentum space as:
where ppqq is the probability of emitting a particle with this magnitude of momentum. In order to account for the emitter being displaced from the origin, we simply act with translation operators:
If we define our coordinate system so that x´x 1 " ∆xẑ and then change the integral to spherical coordinates, the trace over this density matrix (the overlap between the states) of emitted particles with different emitter positions is then:
(18) Integrating over the angular variables gives us:
In order to match standard notations, let us change variables from momenta p to angular frequency ω:
where ppωq " c ppqq. Again following Hornberger et al. [17] , we define the rate of particle emission per ω as:
with
In this notation, we can express our overlap as:
Black hole decoherence rate
Specialising to a Schwarzschild black hole, Page [10] 
where the Γ's are the greybody factors. Using the geometrical optics approximation for a massless species with two polarization degrees of freedom, we have [10] : 
Our emission rate per frequency interval (summed over the modes) is then:
Λpωq " 27R 
This gives a total emission rate of:
The corresponding overlap is: 
